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157} ABSTRACT

A precision azimuth angle and =+ elevation angle of an
emitter are determined by measuring the frequency and
differential phase ys; of a received signal at each of a
number of interferometer rotational positions. Each
measured differential phase corresponds to a set of pos-
sible cone angles satisfying

bjk=cos ™ (A x/27S)

where Y x=Vj+ 27k and Y k| =27S/A

The angular distances or errors between arbitrary azi-
muth angles or points and each set of cone lines 1s deter- -
mined. The point having the smallest error corresponds

to the azimuth angle and =+ elevation angle of the emit-
fer.

2 Claims, 5 Drawing Sheets
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FIG. 6

MEASURE DIFFERENTIAL PHASES
g' OF A RECEIVED SIGNAL AND

MPUTE POSSIBLE DIFFERENTIAL
(¥;,K) PHASES THAT COULD HAVE

YIELDED ¥

DETERMINE CONE ANGLES @ j,k

CORRESPONDING TO THE DIFFER-
ENTIAL PHASES Y,k

FOR EAGH OF A SET OF ELEVATION
ANGLES, DETERMINE THE  SMALLEST
AZIMUTHAL DISTANGE BETWEEN AN

ARBITRARY AZIMUTH VALUE  AND
POINTS ON CONE ANGLES

DETERMINE THE AZIMUTH ANGLE
AND + ELEVATION ANGLE OF THE

RECEIVED SIGNAL BASED ON THE
SMALLEST AZIMUTHAL DISTANCE
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METHOD AND APPARATUS FOR AMBIGUITY
RESOLUTION IN ROTATING
INTERFEROMETER

This application is a continuation of application Ser.
No. 07/597,476 filed Oct. 12, 1990 now abandoned.

BACKGROUND OF THE INVENTION

The present invention relates to electromagnetic di-
rection finding; and more particularly to determining
the azimuth and *+ elevation angle of an emitter using
two rotating antennas. Generally, in interferometer
direction finding systems with broad frequency cover-
age, multiple antennas are used to measure ambiguous
differential phases. These ambiguous differential phases
are used to determine angular directions to emitters.
Referring to FIG. 1, antennas 10 and 15 are spaced
apart by distance S. The phase difference between sig-
nals received by the antennas 10 and 15 is measured by
a phase measurement circuit 20. In general, the mea-
sured phase yj; 1s related to the cone angle ¢ by the
following expression: -

Y= (2yS/) cospmodulo 2y (N

If the cone angle ¢ varies from 0 to 7 and the distance
S 1s selected to be A/2, then the measured phase varies
in accordance with Y;=mcos¢ and has values varying
from —ar to + . Under these conditions, the measured
phase 1s unambiguous over the field of view. However,
for higher frequencies or larger distances S, the mea-
sured phase varies by more than 27 and thus becomes
ambiguous. For example, in the above, if S=A, the
measured phase varies in accordance with y;=2mcosd.
The phase therefore varies from —2 to + 2. Thus, as
shown in FIG. 1, the measured phase j;does not unam-
biguously correspond to the cone angle ¢. The multi-
ples of 27 must be determined in order to resolve the
cone angle. The ambiguity problem is particularly acute
at mgher frequencies such as 18 GHz. A common spiral
antenna usable over the typical range of 2-18 GHz is
about 2 inches in diameter, and the wavelength at 18
GHz is about 0.656 inches. Thus, it is physically impos-
sible to position antennas A/2 apart. The minimum dis-
tance between two antennas is about two inches or
more than three wavelengths. Consequently, a mea-

sured phase difference does not unambiguously corre-
spond to a cone angle.

SUMMARY OF THE INVENTION
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It is an object of the present invention to provide a

simple apparatus that solves the above phase ambiguity
problems.

It 1s another object of the present invention to pro-
vide a rotating 2-element interferometer capable of
accurately determining the azimuth angle of an emitter.

It is a further object of the present invention to pro-
vide a rotating 2-clement interferometer capable of

55

accurately resolving ambiguities in measured phases. 60

It 1s still another object of the present invention to
provide a rotating 2-element interferometer capable of
determining an elevation angle of an emitter.

It 1s still a further object of the present invention to
provide a method of accurately resolving ambiguities in
measured phases.

It 1s still a further object of the present invention to
provide a method that accurately determines the azi-

65
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muth angle of an emitter using phase measurements
obtained from a rotating 2-element interferometer.

It 1s still another object of the present invention to
provide a method of accurately resolving measured
phase ambiguities using signals received from a rotating
interferometer.

To achieve the above and other objects, the present
invention provides a method comprising the steps of (a)
receiving signals at multiple rotational positions of the
interferometer; (b) measuring frequency and phase dif-
ferences between signals received at respective rota-
tional positions of the interferometer, for each of the
multiple rotation positions; (c) determining a set of cone
angles based on the measured phase difference for each
of the multiple of rotational positions; (d) calculating a
set of azimuth angles based on the set of cone angles and
selected elevation angles; (e) selecting an azimuth angle
that 1s closest to the group of the azimuth angles in the
set of azimuth angles; and (f) determining an elevation
angle corresponding to the selected azimuth angle.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically illustrates the geometric rela-
tionships in a 2-element interferometer;

F1G. 2 is a schematic block diagram of a rotating
interferometer that embodies the present invention;

FIG. 3 is a graph illustrating possible azimuth and
elevation angles of a received signal;

FIG. 4 illustrates 1dentification of azimuth and eleva-
tion angles with no noise in the received signal;

FIG. § is a graph illustrating possible azimuth and
elevation angles of a signal having a frequency higher
than the signal utilized in FIG. 3, and

FIG. 6 1s a flow diagram of ambiguity resolution in
accordance with the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

In FIG. 2, an RF converter 30 receives signals from
antennas 10 and 15. The frequency of the signals can be
In but is not limited to, the range of 2 GHz-18 GHz.
The RF converter 30 converts the signals to an interme-
diate frequency, and applies the signals to an intermedi-
ate frequency processor 35. The intermediate frequency
processor 3§ determines the frequency of the received
signals and measures the phase difference y;; between
the received signals. The measured phase difference y;
1s a modulo 27 phase difference between the signals
received at the antennas 10 and 185.

A processor 40 resolves the phase ambiguity inherent
in the measured modulo 27 phase differences and pro-
vides signals corresponding to the azimuth and eleva-
tion of an emitter, as well as a signal indicating the
frequency of the signal received by the antennas 10 and
15. An encoder 435 provides the processor 40 with a
signal indicating the heading or position of the antennas
10 and 15 when signals are received by the RF con-
verter 30. As will be recognized by those skilled in the
art, the RF converter 30, IF processor 35 and encoder
45 can comprise any conventional RF converter, IF
processor and encoder.

In accordance with the present invention, the IF
processor 35 performs phase measurements of signals
received at antennas 10 and 15 at multiple rotational
positions of these antennas. In a preferred embodiment
of the present invention, seven measurements are ob-
tained at 10° intervals. The present invention, however,
1s not limited to obtaining measurements at fixed or
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specific degree intervals, and could be based upon inter-
vals of time. It is not necessary that the time interval or
angular interval should be constant. The processor 40
uses the measured (i.e., ambiguous) differential phase \s;
to determine the possible values of differential unambig-
uous phases that could have yielded the measured am-
biguous differential phase. For each measured phase, y;,
the processor 40 develops a set of possible differential
unambiguous phases that could have yielded the mea-
sured ambiguous differential phase {; in accordance
with the following:
Yk =yj+2mk (2)
for k=..., -3, -2, -1,0,1,2,3,..
[Pk ] =2ms/A |
For each rotational position that the IF processor 35
measures an ambiguous differential phase y;, the proces-
sor 40 develops a set of possible differential unambigu-
ous phases that could have resulted in the measured
phase in accordance with the above equation. Thus, as
the interferometer rotates; that is, as the antennas 10 and
15 rotate, multiple sets of Y;x are developed. Each of

the s x is related to a cone angle ¢; % in accordance with
the following:

. o such that

&) k=cos ™ {(AY;k/27S) 3
The direction from which signals are received by the
~ antennas 10 and 18 is specified by an azimuth angle and
an elevation angle. The set of cone angles ¢;« are re-
lated to possible azimuth angles of arrival and elevation
angles of arrival by the following:

Ajk=H;+ sin—! (cos(d;,k)/cos(EL)), (4)
for |Yk| =2ms/A

In the above equation, H; corresponds to the heading
or direction of the boresight of the antennas at the time
that a differential phase measurement is made. The
heading H;is provided by the encoder 45 shown in FIG.
2; and EL 1s a fixed elevation angle.

FIG. 3 graphically illustrates the possible azimuth
angles and elevation angles that satisfy equation 4. FIG.
3 illustrates a case where seven measurements are ob-
tained at 10° intervals of interferometer rotation. As
shown in FIG. 3, each pulse or measurement results in
a set of curves or cone lines. The frequency of the re-
ceived signal is 2 GHz and the distance S is 8 inches’’,
with the initial interferometer heading H; being —10°.
With no channel-pair phase error in any of the measure-
ments, the azimuth angle and = elevation angle will be
identified by an intersection of the curves or cone an-
gles as shown 1n FIG. 4 at points A and B.

In accordance with the present invention, a signal’s
angle of arrival is selected as follows. Each ambiguous
differential phase measurement yields several conic
lines which are graphed in the examples shown in
FIGS. 3, 4, and 5. An arbitrary azimuth angle 1s se-
lected, and the total angular distance or error between
the selected azimuth angle and a set of curves or cone
lines, such as shown in FIGS. 3 and 4, is determined.
For example, in FIG. 4, the two points would have zero
distance to the curves. The intersection points therefore
specify the azimuth angle and +elevation angle. FIG. §
is a graph illustrating possible azimuth and =+ elevation
angles of arrival for a signal having a frequency higher
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4

than the signal corresponding to the curves shown in
FIG. 3.

However, due to channel-pair phase error in actual
measurements, the curves in FIG. 3 do not intersect at
single points as in FIG. 4. The processor, therefore,
must select a point having a minimal distance to the set
of curves for each of the phase measurements. In a
preferred embodiment of the present invention, the
processor 40 searches the azimuth/elevation space illus-
trated in FIG. 3 by selecting various elevation angles
and selecting a point along the selected elevation angle
that has the minimal distance to the set of curves. It is
not necessary to determine the azimuth and =+ elevation
angles in this manner. Instead, the entire azimuth/eleva-
tion angle space can be partitioned into a large number
of small regions which are dimensioned AAZ by AEL.
Within each of these partitions, the number of AZ/EL
points from phase ambiguity lines can be counted.
Through suitably adjusting the AAZ/AEL partition
size and the phase ambiguity line resolution, it is possi-
ble to determine azimuth and =+ elevation angle using
histogramming techniques.

The present invention is not limited to any particular
error or distance determination, and any such-determi-
nation can be employed with the present invention. The
following describes one example of determining the
points having a minimal distance to the set of curves for
cach pulse.

For a given elevation angle an arbitrary azimuth is
selected and the distances between the arbitrary azi-
muth angle and points A;x for each pulse are deter-
mined. For each azimuth angle, one of the groups of the
determined distances having the smallest error or total
distance is selected. After each arbitrary azimuth has
been selected and the group of distances having the
smallest error has been selected for each azimuth angle,
the errors or distances for each of the groups are com-
pared. The point corresponding to the group of dis-
tances having the smallest error corresponds to the
azimuth angle and = elevation angle of arrival. Table 1
summarizes the ambiguity resolution processing logic.
Table 1 does not correspond to any specific computer
language, and instead, represents pseudocode. As seen
from Table 1, below, for an arbitrary constant value of
elevation angle, EL, a distance or azimuthal separation
between the arbitrary azimuth angle, AZ, and a value
A,k 1s determined. For each of the curves generated by
each measurement or pulse, the smallest total angular
distance from the arbitrary azimuth angle to each of the
set of curves 1s selected.

FIG. 6 is a logic flow diagram of the ambiguity reso-
lution in accordance with the present invention. The
logic flow illustrated in FIG. 6 1s a graphical representa-
tion of the ambiguity resolution shown in Table 1
above.

The above description of the present invention is not
intended to limit the present invention to the embodi-
ments described, instead the scope of the present inven-
tion is defined by the following claims.

Forj=1,23...,N
measure \;
Fork =...,-3,-2,-1,0,123,...

Wik = Yj+2mk such that [y x| = 27S/A
ik = cos™! (A x/27S)
nextk
next j
n=0



S

-continued

For EL = to EL ;¢ in small increments of EL,
where |ELpoxi < 7/2

n=n- 1
Forj=1223...,N
Fork=...,-3-2,—-1,0123,...

such that [y; x| = 27S/A
Ak = H; + sin~! (cos (¢} k)/cos(EL))
next k
next j
m=0
For AZ = AZito AZ; in small increments
of Az,
where |AZ)| = mand |AZy| = w.
m=m-+ ]
Gm=0
Forj=1,23...,N
Fork=...,-3 -2,-10,
1,2, 3,...
such that |y, = 27S/A
xk = (AZ-Ajx)
next k
D; = smallest x;
Cm=Gm+D;
next j
next AZ
» = smallest G,
next EL
E = smallest B,
The selected (Az, += EL) are the (AZ, = EL)
which yield E.

I claim:
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(b) measuring frequency and phase differences of a
signal received at the multiple headings of the in-
terferometer boresight;

(c) calculating a set of phase differences for each of
the multiple headings;

(d) determining a set of cone angles based on the set
of measured phase differences for each of the multi-
ple headings;

(e) calculating a set of azimuth angles based on the set
of cone angles and a range of elevation angles;

(f) determining an azimuth angle that has a minimum
angular distance to the group of the azimuth angles
in the set of azimuth angles; and

(g) determining an elevation angle corresponding to
the determined azimuth angle,
where the rotating interferometer includes two

elements spaced apart by a distance S, and where
the set of phase differences is calculated based on

Wjdj+2mk such that |y i| =27S/Aand

where ys;represents a measured modulo 27 phase
difference for k=..., =3, =2, -1,0,1, 2, 3,.
..,and j=1, 2, 3,... and said set of cone angles
is calculated based on

&; k=cos~ HAy;x/27S).

2. A method of ambiguity resolution according to

3o Claim 1, wherein step (¢) comprises the substep of:

1. A method of ambiguity resolution in a rotating
interferometer having a boresight, said method com-

prising the steps of:

(a) receiving signals at multiple headings of the inter- 35

feromter boresight;

45
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(1) calculating the set of azimuth angles based on
Aj = Hi+sin~ l(cos(¢ k)/cos(EL))

where H;is a heading of the interferometer bore-

sight and EL is a selected elevation angle.
3 ¥ ¥ % x
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